plastome sequencing would improve the resolution (e.g., Hu et al., 2015 Hu et al., , 2016 . Furthermore, well-resolved cpDNA phylogenies would greatly facilitate clarification of reticulate evolution during species diversification (Jansen et al., 2007; Xu et al., 2012) .
With the development of high-throughput sequencing technology, it is becoming much cheaper and easier to sequence whole plastomes of plants (Hu et al., 2016; and thus increase the resolution of previously ambiguous phylogenetic relationships based on several cpDNA markers (Hu et al., 2016; Jansen et al., 2007) . For example, Zeng et al. (2017) used whole plastome sequences and coding genes to construct phylogenetic trees of Rehmannia, both of which indicated four nearly identical clades and had high levels of phylogenetic resolution. The noncoding regions in a plastome usually have higher variation rates than the coding genes (Hu et al., 2016; . However, it is not known whether phylogenetic trees based on noncoding sequences and coding genes of plastomes of the genus Carpinus would be consistent. Thus, in this study, we sequenced plastomes of nine species representing four major clades of the genus identified in a previous study (Yoo & Wen, 2007) . We examined structural variations of the plastomes among the species, extracted three sets of sequences (whole plastomes, noncoding sequences, and coding genes), for phylogenetic analyses and compared the resulting trees with the ITS trees. We specifically addressed the following three questions. Does use of the three plastomic datasets covering more informative sites provide greater phylogenetic resolution of the sampled clades than use of a few cpDNA markers? Are phylogenies based on the three datasets consistent?
Are phylogenies based on plastome datasets consistent with those based on nuclear ITS sequences?
| MATERIAL S AND ME THODS

| Plant materials, DNA extraction, and ITS sequencing
We chose nine species (i.e., C. fangiana, C. cordata, C. betulus, C. caroliniana, C. fargesiana, C. tschonoskii, C. putoensis, C. tientaiensis, and C. viminea) to represent the four clades based on ITS sequence variation (Yoo & Wen, 2007) . According to Kuang and Li (1979) , based on characters of bracts and nutlets, C. fangiana and C. cordata belong to section Distegocarpus, and the other seven species belong to section Carpinus. As C. betulus and C. caroliniana are distributed in Europe and North America, respectively, it was difficult for us to obtain fresh leaves of these species from the field. We therefore used a specimen of C. betulus collected in Dagestan in 1987 and a specimen of C. caroliniana collected in USA in 1996. Fresh leaves of the remaining seven species were collected in the field and dried immediately in the presence of silica gel (Table S1 ). We could not get any samples of the three species included in one of the ITS clades identified by Yoo and Wen (2007): C. monbeigiana, C. pubescens, and C. turzani- nowii. However, our initial analysis of ITS sequences suggested that C. fargesiana is closely related to C. turczaninowii and thus could be used to represent this ITS clade. We selected Corylus fargesii as an outgroup. We used the modified CTAB method to extract total DNA from the dried leaves (Doyle & Doyle, 1987) . ITS sequences of four Carpinus species (C. betulus, C. caroliniana, C. putoensis, and C. tientaiensis) and the outgroup species (Corylus fargesii) were downloaded from GenBank, while we sequenced samples from 5 to 10 individuals of each of the other species to obtain their ITS sequences (Table S2) .
| Plastome sequencing, assembly, and annotation
Following well-established protocols (van Dijk, Jaszczyszyn, & Thermes, 2014) , we prepared end-repaired, phosphorylated and Atailed DNA fragments ligated with index adapters. We amplified the ligated fragments and constructed paired-end libraries (2 × 150 bp), which we sequenced using a Hiseq Platform (Illumina, San Diego, CA). We filtered adapters from the sequence data and extracted high-quality reads (MINLEN > 36, Q ≥ 5) using Trimmomatic v.0.32 (Bolger, Lohse, & Usadel, 2014) and the Ostrya rehderiana plastome as a reference (Li et al., 2016) . We separated the plastome reads using Bowtie2 v.2.2.9 (Langmead & Salzberg, 2012) and utilized SAMtools v.1.3.1 ) to convert the SAM file to a BAM file. We then used bam2fastq v1.1.0 (Lindenbaum, 2015) to extract and map the short reads to the reference genome in order to generate a FASTQ file for subsequent plastome assembly by Velvet v.1.2.10 (Zerbino & Birney, 2008) . We used BWA v.0.7.12 (Li & Durbin, 2009 ) to build an index and map all of plastome sequences to the reference plastome via the mem algorithm. The output files were converted and sorted using SAMtools v.1.3.1 ). We used Geneious v.10 (Kearse et al., 2012) to visualize the assembled results, and Plann v.1.1.2 (Huang & Cronk, 2015) to annotate plastomes and Sequin v.15.10 (http://www.ncbi.nlm.nih.gov/Sequin/) to map the predicted genes to the reference annotation. Visual images of the annotations were generated by OGDRAW v.1.1 (http://ogdraw.mpimp-golm. mpg.de/; Lohse et al. 2013) . To graphically display interspecific variations, the alignments with annotations of nine plastomes were plotted using mVISTA (Mayor et al., 2000) .
| Phylogenetic analyses
We aligned the plastome and ITS sequences of the nine selected Carpinus species and the outgroup using MAFFT v.7 (Katoh, Misawa, Kuma, & Miyata, 2002) and MEGA v.6 (Tamura, Stecher, Peterson, Filipski, & Kumar, 2013) . The aligned sequence matrix was then manually examined and corrected. To assess the consistency of phylogenetic constructions based on different plastome regions, we extracted three datasets from the finally aligned plastome matrix. These included sequences of: (a) the whole plastomes, (b) noncoding regions, and (c) protein-coding genes (PCGs) present in all nine Carpinus species and the outgroup. We converted FASTA files to NEXUS or PHYLIP format using ClustalW v.2.1 (Larkin et al., 2007) . All alignment positions containing gaps in one or more taxa were removed before phylogenetic analyses.
We used Prank v. 6.864b (Loytynoja & Goldman, 2010) to align coding genes. We estimated constant sites, parsimony informative sites, and variable sites of the three plastome datasets and ITS matrix using MEGA v.6 (Tamura et al., 2013) . For ITS sequences, we only retained one haplotype if multiple identical haplotypes existed within each species for the phylogenetic analyses.
MrBayes v.3.2.4 (Huelsenbeck & Ronquist, 2001 ) was used to reconstruct phylogenetic trees. We repeated the MrBayes analyses three times for each of the datasets (i.e., the whole plastomes, noncoding regions, coding genes, and ITS sequences); in each case running four chains (one cold and three hot) of 10,000,000 generations, sampling every 1,000 steps with the temperature parameter set to 0.1. We determined convergence by examining trace plots of the log likelihood values for each parameter in Tracer v.1.6 (Rambaut, Xie, & Drummond, 2014) . Maximum-likelihood (ML) analyses were performed with RAxML v.8.1.17 (Stamatakis, 2014) using the GTR + G model of evolution and 1,000 bootstrap replicates to assess node support. In plastomes of each of the nine species, the overall GC content was about 36.5%, and 55% of the plastomes were coding regions (Table 1 ). All plastomes showed similar features in terms of gene content, gene order, introns, intergenic spacers, and AT content.
F I G U R E 1 Gene map of the
However, some coding genes were pseudogenized or lost. Table 2 ).
| Phylogenetic analyses
The ML and Bayesian analyses of each chloroplast dataset resulted in similar topologies, but there were discrepancies between those obtained using the plastome and ITS datasets (Figure 3 ).
Phylogenetic analyses of the whole plastome and noncoding datasets (Figure 3a) identified the same topological divergences for all nine species. Five of the seven selected species of section Carpinus (C. tientaiensis, C. viminea, C. putoensis, C. fargesiana, and C. tschonoskii) and the two species of section Distegocarpus (C. cordata and C. fangiana) formed two well-supported clades, and topological relationships of these species were the same in all three plastome trees (Figure 3 ). In the phylogenetic trees derived from analyses of the whole plastomes and noncoding sequences, one of the other species of section Carpinus (C. caroliniana) was sister to those five species of the section, with high support, while the seventh member (C. betulus) was placed sister to the remainder of section Carpinus with high posterior probability in the Bayesian analysis, but not the ML analysis (bootstrap values < 70; Figure 3a ).
The two sections were well separated in these two trees. However, in the trees derived from protein-coding sequences, C. caroliniana and C. betulus were grouped together in the ML analysis, but not the Bayesian analysis and clustered with section Distegocarpus (Figure 3b ), conflicting with the phylogenetic trees based on the other two plastome datasets.
Although the ITS phylogenetic tree also showed high resolution, the topology was mostly incongruent with the phylogenetic trees derived from the plastome datasets (Figure 3b ). In the ITS tree, 
| D ISCUSS I ON
Our comparative analyses of plastomes of nine species representing clades identified by Yoo and Wen (2007) (Hu et al., 2016; Zhang, Ma, & Li, 2011) . The conserved and wellaligned plastomes across different species therefore facilitate the further phylogenetic analyses and comparisons based on the whole plastomes, their coding regions, and noncoding regions.
Previous studies of the genus Carpinus or related genera based on a few cpDNA markers have consistently failed to resolve phylogenetic relationships of the major clades (Lu et al., 2016; Yoo & Wen, 2007) . In contrast, we obtained well-supported clades and all interspecific relationships were well resolved except for those of C. betulus (Figure 3) by analysis of the whole plastome datasets with more informative sites. It should be noted that we obtained identical topological relationships using the whole plastomes or noncoding datasets. However, results based solely on the coding genes suggested different phylogenetic positions for C. betulus and C. caroliniana (Figure 3) , presumably because the whole plastome and noncoding datasets provided more detailed signals for these two species (Hu et al., 2016; Zeng et al., 2017) . These findings suggest that it is essential to assess the consistency of phylogenetic relationships based on whole plastomes and both their coding and noncoding regions, as well as their correspondence to phylogenies derived from analyses of nuclear genes or genomes.
The ITS sequences (623 bp) had a much shorter total length than the coding genes in the plastomes (623 and 68,058 bp, respectively), but included a similar number of parsimony informative sites (53 and 66, respectively). Clearly, the difference in mutation rates implies this may influence estimates of interspecific relationships obtained from analyzing these sets of sequences. The relatively rapid mutation and lineage sorting of the ITS sequence may be helpful for discriminating interspecific relationships for genera such as Carpinus (e.g., Lu et al., 2017; Wang, Yu, & Liu, 2011) , but in other genera, the ITS sequences may have lower discriminatory power than the chloroplast genes (Hu et al., 2015; Ren et al., 2015) . It should be noted that both a single nuclear gene (e.g., ITS) and the plastome (which ultimately represents a single locus) have limited power for resolving a "true" species tree. Multiple, independent nuclear loci or whole genomes would be needed to identify phylogenetic relationships reflecting a "true" species tree, especially when reticulate evolution may have occurred (Hughest, Eastwood, & Bailey, 2006) .
The most surprising finding in this study is that the well-resolved phylogenetic relationships based on plastomes substantially differ from those inferred from the nuclear ITS sequences. Interspecific relationships between all the species except the two members of the basal subclade, C. cordata and C. fangiana, are inconsistent with those inferred from the three plastome datasets. Such discordance of gene trees derived from nuclear and organelle markers is common and may be due to two nonexclusive factors (Stenz, Larget, Baum, & Ane, 2015; Suh, Smeds, & Ellegren, 2015; Zwickl, Stein, Wing, Ware, & Sanderson, 2014) . First, hybridization and introgression are very common in numerous plants (Mallet, 2007) , especially windpollinated genera (Abbott, Hegarty, Hiscock, & Brennan, 2010) potential hybridizations may have led to the concerted evolution of the ITS sequences towards the introgressing species (Alvarez & Wendel, 2003) , while introgressions of the maternally inherited plastomes can only occur when closely related species are geographically close enough (McCauley, Stevens, Peroni, & Raveill, 1996) . Furthermore, C. putoensis, a 14-ploidy species (Meng, He, Li, & Xu, 2004) , is clustered with C. viminea in the plastome trees (Figure 3) , implying that C. viminea or a closely related species was the maternal progenitor during the formation of C. putoensis. Its paternal progenitor may be closely related to C. tschonoskii according to the interspecific relationships in the ITS tree, but further studies involving more samples and genetic data are needed to better understand the reticulate evolution of C. putoensis.
The other factor that could lead to inconsistency between gene trees derived from nuclear and organelle markers is incomplete lineage sorting (ILS) through retention of ancestral polymorphism in different species or populations. This may also lead to inconsistent phylogenies based on different markers with contrasting inheritance (Sousa & Hey, 2013; Suh et al., 2015) . When the same ancestral allele is sampled from two distantly related species without complete lineage sorting, the resulting phylogeny will be inconsistent with that based on genes or other DNA sequences following speciation events. The incongruent relationships of C. betulus and C. caroliniana inferred from the plastome and ITS sequences are probably due to ILS, as these two species occur in Europe and North America, respectively. Thus, they are unlikely to have hybridized with the species in China due to the extreme geographical isolation. Therefore, it TA B L E 2 Summary of length and variability across different data partitions is likely that both ILS and hybrid introgression may have been common features of diversifications of the hornbeams. In the future, the genetic evidence from the nuclear genome at the population level will be needed to elucidate the two factors' precise contributions to the inconsistent phylogenies observed here.
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